INTRODUCTION
Carotenoids are one of the most widespread lipophilic pigments in nature. Over 700 carotenoids have been identified to date, of which 60 are found in our diets. Numerous epidemiological and interventional studies indicate that the dietary intake of carotenoids have various health benefits. Giovannucci et al. reported that frequent intake of tomatobased products or lycopene was associated with a lower risk of prostate cancer 1 . Richer et al. suggested that lutein supplementation significantly improved visual function in patients with atrophic age-related macular degeneration 2 .
The functions of carotenoids have also been studied using cultured cells. Murakami et al. reported that some carotenoids, especially halocynthiaxanthin, suppressed superoxide anion and nitric oxide generation from human promyelocytic leukemia HL-60-derived granulocytes and mouse macrophage RAW264.7 cells, respectively 3 . KotakeNara et al. reported that fucoxanthin and neoxanthin reduced cell viability by inducing apoptosis in PC-3, DU 145, and LNCaP human prostate cancer cell lines 4 . We have previously demonstrated the anti-angiogenic activities of fucoxanthin and siphonaxanthin and their mechanism in vascular endothelial cells 5, 6 .
In recent times, one of the social problems in Japan is an increasing number of patients with type I allergies. About one-third of the Japanese have some form of allergic diseases. Antigen-induced mast cell degranulation leads to local inflammation in type I allergies; therefore, natural compounds that can attenuate this degranulation have received particular attention. We have previously shown that astaxanthin, β-carotene, fucoxanthin, and zeaxanthin significantly inhibit antigen-induced degranulation of rat basophilic leukemia cells RBL-2H3 and bone marrow-derived mast cells 7 . However, no information is available regarding the anti-degranulation effects of other carotenoids. In this study, we evaluated the effects of eleven additional carotenoids using the RBL-2H3 cell line as a mast cell model. Results from our screening showed that nine carotenoids, including astaxanthin, β-carotene, fucoxanthin, and zeaxanthin had inhibitory effects on antigen-induced mast cell degranulation.
Abstract: In this study, the anti-degranulation effects of fifteen carotenoids were evaluated using RBL-2H3 rat basophilic leukemia cell line as a mast cell model. Nine carotenoids, fucoxanthin, zeaxanthin, β-carotene, astaxanthin, 3-hydroxyechinenone, fucoxanthinol, lycopene, β-cryptoxanthin, and siphonaxanthin significantly suppressed antigen-induced mast cell degranulation. Under the same conditions, the cellular carotenoid contents were quantified using high performance liquid chromatography-photodiode array (HPLC-PDA). There was no correlation between the cellular carotenoid contents and their antidegranulation activities. These results indicate that the differences in the anti-degranulation activities of carotenoids were not related to their uptake by the cells.
Key words: carotenoid, degranulation, mast cell, type I allergy
Suppressive Effects of Carotenoids on the Antigeninduced Degranulation in RBL-2H3 Rat Basophilic Leukemia Cells
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EXPERIMENTAL PROCEDURES
Materials
Cholesterol esterase from bovine pancreas, mouse antidinitrophenyl IgE anti-DNP IgE , fatty acid-free bovine serum albumin BSA , dinitrophenyl-conjugated BSA DNP-BSA , and p-nitrophenyl-N-acetyl-β-D-glucosaminide were purchased from Sigma Aldrich Saint Louis, MO . The other chemicals, media, and solvents used in the experiments were reagent grade.
Preparation of carotenoids
Astaxanthin was purchased from Cayman Chemical Ann Arbor, MI , canthaxanthin from LKT Laboratories Saint Paul, MN , β-carotene from Wako Pure Chemical Industries Osaka, Japan , β-cryptoxanthin and zeaxanthin from Extrasynthese Lyon, France , 3-hydroxyechinenone and phoenicoxanthin from CaroteNature Lupsingen, Switzerland , and lycopene from Sigma Aldrich. Alloxanthin was purified from sea squirts Halocynthia roretzi , fucoxanthin from brown algae Undaria pinnatifida , lutein, neoxanthin, and violaxanthin from spinach Spinacia oleracea L. , and siphonaxanthin from green algae Codium fragile 8 10 . Fucoxanthinol was prepared from fucoxanthin by hydrolysis with bovine pancreatic cholesterol esterase as described by Asai et al. 11 .
Cell Culture
RBL-2H3 cells Health Science Research Resources Bank, Osaka, Japan were cultured in RPMI 1640 medium supplemented with 10 heat-inactivated FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin, at 37 in a humidified atmosphere with 5 CO 2 .
β-Hexosaminidase Release Assay
The degree of degranulation of RBL-2H3 cells, stimulated by IgE and antigen was determined using the β-hexosaminidase release assay, as described previously 7 .
Briefly, RBL-2H3 cells 3.0 10 4 cells per well, in 96-well plates , sensitized with anti-DNP IgE were treated with 10 μM of each carotenoid for 4 h, followed by stimulation with DNP-BSA for 30 min. The β-hexosaminidase activities of the supernatants were measured using p-nitrophenyl-Nacetyl-β-D-glucosaminide as a substrate.
Quanti cation of Carotenoids
RBL-2H3 cells 1.2 10 5 cells per well, in 24-well plates , sensitized with anti-DNP IgE were treated with 10 μM of each carotenoid for 4 h. The contents of carotenoids in the cells were quantified using high performance liquid chromatography-photodiode array HPLC-PDA , as described previously 12 . The spike recovery test was used for confirming the absence of any significant differences between the extraction efficiencies of fucoxanthinol, the most polar carotenoid used in this study, and β-carotene, a non-polar carotenoid data not shown .
Statistical Analysis
Data are reported as the mean SD. Statistical analyses were performed by one-way analysis of variance ANOVA , and the Dunnett test to identify levels of significance between the groups.
RESULTS AND DISCUSSION
The anti-degranulation effects of fifteen natural carotenoids were evaluated using the β-hexosaminidase release assay. Our results showed that astaxanthin, β-carotene, fucoxanthin, and zeaxanthin significantly inhibited the release of β-hexosaminidase, thus confirming previously described results 7 . In addition, 3-hydroxyechinenone, fucoxanthinol, lycopene, β-cryptoxanthin, and siphonaxanthin also significantly suppressed the degranulation of antigen-induced RBL-2H3 cells at 10 μM Fig. 1 . However, some carotenoids such as lutein did not show any inhibitory effects on antigen-induced degranulation. The cell viabilities were evaluated using MTT assay under these experimental conditions, as described previously 4 . There was no decrease in cell viabilities on treatment with most carotenoids, except siphonaxanthin and alloxanthin data not shown . Siphonaxanthin reduced cell viabilities as well as the rates of degranulation, and the decrease in the degranulation rates 67 10 was greater than the decrease in cell viabilities 86 5 . Although alloxanthin reduced the cell viability to 69 4 , it did not inhibit the antigen-induced degranulation. The carotenoids used in this study did not affect β-hexosaminidase activity at 10 μM data not shown . To examine whether the anti-degranulation activities of carotenoids depend on their uptake by cells, we studied the carotenoid contents in RBL-2H3 cells that were treated under the same conditions as the β-hexosaminidase release assay. Figure 2 shows that there was no correlation between the carotenoid contents and their anti-degranulation activity. There was no detection of carotenoid metabolites by HPLC-PDA data not shown . We have previously shown that astaxanthin, β-carotene, fucoxanthin, and zeaxanthin suppress mast cell degranulation by inhibiting antigen-induced translocation of IgE/FcεRI complexes into lipid rafts 7 . It is possible that the mechanism by which other carotenoids suppress mast cell degranulation is also by inhibiting the translocation of IgE/FcεRI complexes into lipid rafts. 
Fig. 2
Relationship between cellular carotenoid contents and the degree of degranulation of RBL-2H3 cells. DNP-IgE sensitized RBL-2H3 cells were incubated with the indicated carotenoid at 10 μM for 4 h. The carotenoids were dissolved in THF, with the final concentration of THF in the medium being 0.2%. Intracellular carotenoids were extracted and measured by reverse-phase HPLC equipped with photodiode array detector. 1, lutein; 2, alloxanthin; 3, canthaxanthin; 4, siphonaxanthin; 5, β-cryptoxanthin; 6, β-carotene; 7, fucoxanthin; 8, fucoxanthinol; 9, 3-hydroxyechinenone; 10, zeaxanthin; 11, violaxanthin; 12, lycopene; 13, neoxanthin; 14, astaxanthin; 15, phoenicoxanthin. The data represent the mean ± SD (n = 3).
portant for their biological functions.
In conclusion, we have evaluated the anti-degranulation effects of fifteen carotenoids, of which nine carotenoids i.e., fucoxanthin, zeaxanthin, β-carotene, 3-hydroxyechinen o n e , a s t a x a n t h i n , f u c o x a n t h i n o l , l y c o p e n e , β-cryptoxanthin, and siphonaxanthin significantly inhibited mast cell degranulation. The inhibitory activities of these carotenoids did not correlate to their chemical structures or uptake into cells. Further studies are required for the elucidation of the precise molecular mechanisms by which carotenoids affect the antigen-induced degranulation and the functions of lipid rafts.
